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ABSTRACT  

1,2-Diarylbenzenes (DABs) have been developed as a new family of fast T-type photochromic 

switches. However, the molecular design strategy for the DAB having desired optical and thermal 

properties is not established. In this work, we explored the best functional in the quantum chemical 

calculations to predict the properties of DABs. Furthermore, we newly designed and synthesized 

DABs based on the calculation with the best functional, resulting in the improvement of the 

photosensitivity in the UV-A region (i.e. a shift of absorption to lower energies and an increase 

absorption coefficient) without changing the thermal back-reaction rate.  



 2 

Introduction 

T-type photochromic compounds exhibiting a fast thermal back-reaction with a half-life (t1/2) of a 

few seconds or below at room temperature, i.e. fast T-type photochromic compounds, have 

attracted much attention for application to ophthalmic lenses,1 real-time holography,2, 3 super-

resolution fluorescence microscopy,4, 5 photoactuators,6, 7 and so on. Oxazine,8-11 naphthopyran,1, 

12 hexaarylbiimidazole (HABI),13-15 and phenoxyl-imidazolyl radical complex15, 16 have been 

reported as the fast T-type photochromic compounds so far. Although these chromophores have 

excellent properties such as tunability of the thermal back-reaction rate of photogenerated colored 

isomers and high fatigue resistance, there are drawbacks such as a deactivation by the influence of 

oxygen and a decrease of the photochromic reactivity in a solid phase due to a large molecular 

structural change during the photoisomerization. Exploration of a novel fast T-type photochromic 

system with excellent properties is still attracting much attention. Under this background, a fast T-

type photochromic system based on 6-electron photocyclization/thermal cycloreversion still has 

the potential to develop. Diarylethene (DAE) is one of the representative P-type photochromic 

compounds and has excellent photochromic properties such as rapid response, high durability, high 

sensitivity, reactivity in the solid-state.17 Moreover, it is known that DAE can be transformed into 

a T-type photochrome based on 6-electron photocyclization/thermal cycloreversion by 

introducing various substituents.18-24 Inspired by these excellent works, recently, we have 

developed a novel fast T-type photochromic 1,2-diarylbenzene (DAB) molecule, 1,2-bis(2-

methyl-5-phenyl-3-thienyl)tetrafluorobenzene (1a), by only introducing a tetrafluorophenyl ring 

to the ethene bridge of a DAE molecule, 1,2-bis(2-methyl-5-phenyl-3-

thienyl)perfluorocyclopentene.25 DABs would be one of the most promising compounds as a new 

family of the fast T-type photochromic switches with the excellent properties as well as DAEs. 
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However, 1a has a drawback to be unable to absorb the light with wavelengths longer than ~330 

nm. Improving the photosensitivity in the UV-A region is strongly required for the practical 

applications such as ophthalmic lenses. Very recently, we have developed DABs (2a-4a) bearing 

various electron-donating groups at the p-position of the lateral phenyl ring with the aim of 

increasing the photosensitivity in the UV-A region.26 DABs 2a-4a exhibited red-shifted absorption 

spectra and higher absorption coefficients compared with those of 1a. In this case, we have 

succeeded in increasing the photosensitivity in the UV-A region, but the thermal back-reaction 

rate was also affected by the substitution. The rate constants of the thermal back-reaction were 

correlated with the electron-donating ability of the substituent and the t1/2 at 298 K changed from 

130 ms to 1140 ms by introducing dimethylamino group. Hence, the strategy for the molecular 

design to increase the photosensitivity in the UV-A region of DAB without changing the thermal 

back-reaction rate is required. Here, we newly designed and synthesized DABs 5a and 6a having 

aryl groups with longer π-conjugation (Scheme 1). The optical properties and thermal reactivities 

were investigated. 

 

Scheme 1. 1,2-Diarylbenzenes used in this work. 
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Experimental Section 

General 

All the solvents used were of spectroscopic grade and/or purified by distillation before use. 1H 

NMR (300 MHz) and 13C NMR (75 MHz) spectra were measured using a Bruker AV-300N 

spectrometer with tetramethylsilane as the internal standard. High-resolution mass spectra were 

recorded on a Bruker FT-ICR/solariX mass spectrometer. UV-Vis absorption spectra were 

obtained on a JASCO V-560 absorption spectrometer. The light power was measured using a 

Neoark PM-335A power meter.  

Theoretical Studies 

Geometry optimizations and frequency calculations of open-ring isomers (Open), closed-ring 

isomers (Closed), and transition states (TS) were conducted using Gaussian 09 Rev.C.01 program 

package.27 The transition-state search was performed with Opt = TS keyword, using Berny 

algorithm to optimize to a transition state. Each stationary point was identified by the number of 

imaginary frequencies (NImag = 1 for transition state and NImag = 0 for the local minimum) and by 

zero-point vibrational energies. To obey unrestricted Kohn–Sham solution, the broken-symmetry 

guess was generated and followed using keyword Guess (mix, always). Density functional theory 

(DFT) calculation was carried out using various functionals (B3LYP,28-30 BMK,31 M05,32 M05-

2X,33 M06,34 M06-2X,34  B97X-D35) in combination with a 6-31G(d) or 6-31G(d,p) basis set.36 

Time dependent (TD)-DFT calculation was performed using various functionals (B3LYP, BMK, 

M05, M05-2X, M06, M06-2X,  B97X-D, CAM-B3LYP,37 MPW1DW9138) with the optimized 

molecular structures at the M06-2X/6-31G(d) level. 



 5 

Materials 

Chemicals used for the syntheses were commercially available and used without further 

purification. DABs 1a-4a were prepared by a procedure reported previously.25, 26 The synthetic 

procedure of 5a and 6a is shown in Scheme 2. 

 

 

Scheme 2. Synthetic procedure of 5a and 6a. 

 

 1,2-Bis(2-methyl-5-(5-methyl-2-thienyl)-3-thienyl)tetrafluorobenzene (5a). 3-Bromo-2-

methyl-5-(5-methyl-2-thienyl)thiophene39 (410 mg, 1.5 mmol) was dissolved in dry THF (20 mL) 

under argon atmosphere. 1.6 M n-BuLi hexane solution (1.2 mL, 1.9 mmol) was slowly added 

dropwise to the solution at −78 °C, and the mixture was stirred for 1 h. Tri-n-butyl borate (0.9 mL, 

3.4 mmol) was slowly added to the solution, and the mixture was further stirred at −78 °C for 2 h. 

The reaction was quenched by the addition of water. 1,2-Diiodotetrafluorobenzene (110 mg, 0.27 

mmol), XPhos Pd G3 (24 mg, 0.028 mmol), and 0.5 M K3PO4 (5.8 mL) were added to the reaction 

mixture, and the mixture was refluxed for 5 h. The reaction mixture was neutralized by HCl 

aqueous solution, extracted with ether, dried over MgSO4, filtered, and concentrated. The crude 
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product was purified by column chromatography on silica gel (n-hexane/ethyl acetate = 95:5) and 

by HPLC (n-hexane/ethyl acetate = 98:2) to give 62 mg of 5a in 42% yield based on 1,2-

diiodotetrafluorobenzene. 5a: 1H NMR (300 MHz, CDCl3, TMS)  = 2.09-2.21 (br, 6H, CH3), 2.43 

(s, 6H, CH3), 6.46-6.59 (br, 4H, Aromatic H), 6.79 (s, 2H, Aromatic H). 13C NMR (75 MHz, 

CDCl3)  = 13.9, 15.4, 120.8, 123.5, 125.1, 125.9, 128.2, 134.3, 134.7, 139.2. HR-MS (MALDI) 

m/z = 534.0223 (M+). Calcd for C26H18F4S4
+ = 534.0222. 

 1,2-Bis(2-methyl-5-(5-phenyl-2-thienyl)-3-thienyl)tetrafluorobenzene (6a). 3-Bromo-2-

methyl-5-(5-phenyl-2-thienyl)thiophene40 (600 mg, 1.8 mmol) was dissolved in dry THF (20 mL) 

under argon atmosphere. 1.6 M n-BuLi hexane solution (1.4 mL, 2.2 mmol) was slowly added 

dropwise to the solution at −78 °C, and the mixture was stirred for 1.5 h. Tri-n-butyl borate (1.0 

mL, 3.7 mmol) was slowly added to the solution, and the mixture was further stirred at −78 °C for 

1.5 h. The reaction was quenched by the addition of water. 1,2-Diiodotetrafluorobenzene (140 mg, 

0.35 mmol), XPhos Pd G3 (31 mg, 0.037 mmol), and 0.5 M K3PO4 (7.2 mL) were added to the 

reaction mixture, and the mixture was refluxed for 6 h. The reaction mixture was neutralized by 

HCl aqueous solution, extracted with ether, dried over MgSO4, filtered, and concentrated. The 

crude product was purified by column chromatography on silica gel (n-hexane/ethyl acetate = 

95:5) to give 80 mg of 6a in 35% yield based on 1,2-diiodotetrafluorobenzene. 6a: 1H NMR (300 

MHz, CDCl3, TMS)  = 2.14-2.25 (br, 6H, CH3), 6.59-6.75 (br, 2H, Aromatic H), 6.99 (s, 2H, 

Aromatic H), 7.16-7.53 (m, 12H, Aromatic H). 13C NMR (75 MHz, CDCl3)  = 14.0, 120.7, 123.7, 

124.6, 125.7, 127.7, 128.4, 129.0, 134.0, 134.1, 136.3, 138.0, 143.3. HR-MS (MALDI) m/z = 

658.0535 (M+). Calcd for C36H22F4S4
+ = 658.0535. 

Photochromic Reaction 
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The measurement of transient absorption spectra of the closed-ring isomers at room temperature 

were performed using a Nikon ECLIPSE E600 optical microscope equipped with Ocean Optics 

USB4000 fiber multichannel analyzer as the photodetector. Photoirradiation was carried out using 

a 200 W mercury–xenon lamp (MORITEX MSU-6) as the light source. Monochromatic light was 

obtained by passing the light through a band-pass filter.  

Thermal Back-Reaction 

The thermal back-reaction of DAB closed-ring isomers was observed in tetrahydrofuran (THF). 

The DAB open-ring isomers were dissolved in THF. The solution in an optical quartz cuvette was 

irradiated with 313 nm light prepared by passing light from a 300W xenon lamp (Asahi Spectra 

MAX-301) through a band-pass filter to give the closed-ring isomers at the temperature of 

measurement. The cuvette was placed in a cryostat for spectroscopic measurements (UNISOKU 

CoolSpek UV/CD) during the measurement. 
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Results and Discussion 

Selection of the Best Functional in DFT Calculation to Predict Properties of DABs 

First of all, to perform accurate molecular design by DFT calculation, we started by finding 

the most suitable functional that well reproduces the experimental results. Masunov et al. 

previously reported that B3LYP and M05-2X are the best functionals to describe the kinetics of 

the thermal cycloreversion in DAEs and the use of unrestricted broken-symmetry DFT formalism 

is required for the calculation of the transition state because of the strong diradical character.41 

According to this previous study,41-43 here, we performed geometry optimizations and harmonic 

frequency calculations of the closed-ring isomer and transition state of 1 at various theories (Table 

1). The activation energy (Ea) was calculated as the difference in sum of electronic and zero-point 

energies between the closed-ring isomer and the transition state. Figure 1a shows the differences 

in Ea between the estimated value by DFT calculation and the experimental one, i.e. ΔEa = Ea(calcd) 

− Ea(exp). The B3LYP, M06, M05, and B97X-D functionals significantly underestimated the Ea 

value, while BMK functional overestimated it. On the other hand, the Ea(calcd) of 1 (63.22 kJ mol−1) 

estimated at the M05-2X/6-31G(d) level is close to the Ea(exp) (66 kJ mol−1), which is the same 

trend as the results reported by Masunov et al.41 This indicates that the M05-2X functional gives 

the good prediction for the thermal back reactivity of DAB as well as DAE. Furthermore, the 

Ea(calcd) estimated at the M06-2X/6-31G(d) level was 66.64 kJ mol−1, which is the closest values to 

the Ea(exp) among those calculated in this work. In addition, it was revealed that the Ea(calcd) value 

hardly changed even when the basis set was changed from 6-31G(d) to 6-31G(d,p). To confirm 

whether the M06-2X functional gives a Ea(calcd) close to the Ea(exp) value even on the other DABs, 

the Ea(calcd) of 2-4 whose Ea(exp) values were reported previously were also calculated.26 The Ea(calcd) 

of 2-4 were estimated to be 67.75, 70.17, and 73.56 kJ mol−1, respectively, which are much closer 
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values to the Ea(exp) compared with those calculated at the B3LYP/6-31G(d) reported previously 

(Table 1).26 The errors between Ea(calcd) and Ea(exp) (ΔEa) were within 3.5 kJ mol−1. In the previous 

work on photochromic diarylethenes reported by Masunov et al.,41 the ΔEa was 12.6–16.7 kJ mol−1 

even with the best functional of B3LYP and M05-2X. Thus, we have found a functional that allows 

more accurate prediction of the thermal reactivity of diarylbenzenes. Considering the results so far, 

we adopted the M06-2X as the functional to perform the geometry optimizations and the harmonic 

frequency calculations.  

Table 1.  Ea(calcd) values for the thermal back-reaction of 1-4 calculated at various theories. 

Compound 
Functional 

/Basis Set 

Energy 

(Closed) 

/hartree 

Energy 

(TS) 

/hartree 

Ea(calcd) 

/kJ mol−1 

ΔEa 

/kJ mol−1a 

1 

Ea(exp) 

= 66 kJ mol−1b 

B3LYP/6-31G(d)b −2273.105085 −2273.083204 57.45 −8.55 

BMK/6-31G(d) −2271.998186 −2271.970946 71.52 5.52 

M05/6-31G(d) −2272.187491 −2272.173520 36.68 −29.32 

M05-2X/6-31G(d) −2272.947053 −2272.922974 63.22 −2.78 

M06/6-31G(d) −2272.132048 −2272.110497 56.58 −9.42 

M06-2X/6-31G(d) −2272.469528 −2272.444146 66.64 0.64 

B97X-D/6-31G(d) −2272.607807 −2272.588168 51.56 −14.44 

M06-2X/6-31G(d,p) −2272.492921 −2272.467528 66.67 0.67 

2 

Ea(exp) 

= 69 kJ mol−1c 

B3LYP/6-31G(d)c −3307.650884 −3307.627547 61.27 −7.73 

M06-2X/6-31G(d) −3306.595517 −3306.569713 67.75 −1.25 

3 

Ea(exp) 

= 71 kJ mol−1c 

B3LYP/6-31G(d)c −2502.087610 −2502.063988 62.02 −8.98 

M06-2X/6-31G(d) −2501.361131 −2501.334404 70.17 −0.83 

4 

Ea(exp) 

= 77 kJ mol−1c 

B3LYP/6-31G(d)c −2540.898988 −2540.873679 66.45 −10.55 

M06-2X/6-31G(d) −2540.138144 −2540.110127 73.56 −3.44 

aΔEa= Ea(calcd) − Ea(exp), 
bRef 25, cRef 26. 
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Figure 1. (a) The differences between the Ea(calcd) and Ea(exp) for 1 and (b) the differences between 

max(calcd) and max(exp) for 1. 

 Furthermore, we also performed TD-DFT calculation using various theories with the 

optimized molecular structures at the M06-2X/6-31G(d) level to obtain the calculated absorption 

spectra that are close to the experimental ones. The results were listed in Table 2. Here, we defined 

the absorption maximum wavelength in the calculated absorption spectra as max(calcd). For 

comparison, the max(calcd) estimated by the CAM-B3LYP/6-31G(d)//B3LYP/6-31G(d) level used 

in our previous work was also listed. As shown in Figure 1b, most of the max(calcd) values for the 

open- and closed-ring isomers differed from the experimental absorption maximum wavelength 
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(max(exp)) by 0.05 eV or more. On the other hand, max(calcd) of 1a and 1b estimated by at the 

MPW1PW91/6-31G(d) level were 4.388 and 1.672 eV, respectively, which were very close to the 

max(exp) (4.351 eV for 1a and 1.699 eV for 1b). In addition, the max(calcd) of 2-4 did not greatly 

differ from the max(exp) as well as 1. Therefore, we concluded that TD-DFT calculation at the 

MPW1PW91/6-31G(d)//M06-2X/6-31G(d) level is the best choice to predict the absorption 

spectral properties of DABs.  
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Table 2. Absorption maximum wavelength (max(calcd))of 1-4 calculated by TD−DFT. 

Compound Functional/Basis Set 
max(calcd) /nm 

(Open) 

∆max /eV 
(Open)a  

max(calcd)/nm 

(Closed) 

∆max /eV 
(Closed)a 

1 
max(exp) = 285 nmb 
(4.351 eV) (Open) 
max(exp) = 730 nmb 
(1.699 eV) (Closed) 

CAM-B3LYP/6-31G(d)c 
269.2 

(4.606 eV) 
0.2554 

757.9 
(1.636 eV) 

−0.0625 

B3LYP/6-31G(d) 
285.4 

(4.345 eV) 
−0.0061 

756.8 
(1.638 eV) 

−0.0602 

BMK/6-31G(d) 
267.0 

(4.644 eV) 
0.2933 

699.0 
(1.774 eV) 

0.0753 

M05/6-31G(d) 
285.7 

(4.340 eV) 
−0.0107 

770.4 
(1.610 eV) 

−0.0891 

M05-2X/6-31G(d) 
260.0 

(4.769 eV) 
0.4183 

685.8 
(1.808 eV) 

0.1095 

M06/6-31G(d) 
289.1 

(4.289 eV) 
−0.0617 

758.7 
(1.634 eV) 

−0.0643 

M06-2X/6-31G(d) 
261.6 

(4.740 eV) 
0.3892 

762.1 
(1.627 eV) 

−0.0715 

B97X-D/6-31G(d) 
261.4 

(4.744 eV) 
0.3928 

677.8 
(1.829 eV) 

0.1308 

CAM-B3LYP/6-31G(d) 
263.1 

(4.713 eV) 
0.3622 

677.1 
(1.831 eV) 

0.1327 

MPW1PW91/6-31G(d) 
282.6 

(4.388 eV) 
0.0369 

741.6 
(1.672 eV) 

−0.0266 

2 
max(exp) = 345 nmd 
(3.594 eV) (Open) 
max(exp) = 770 nmd 
(1.610 eV) (Closed) 

CAM-B3LYP/6-31G(d)c 
318.5 

(3.893 eV) 
0.2990 

793.4 
(1.563 eV) 

−0.0475 

MPW1PW91/6-31G(d) 
352.5 

(3.518 eV) 
−0.0765 

772.8 
(1.605 eV) 

−0.0058 

3 
max(exp) = 290 nmd 
(4.276 eV) (Open) 
max(exp) = 735 nmd 
(1.687 eV) (Closed) 

CAM-B3LYP/6-31G(d)c  
274.8 

(4.512 eV) 
0.2365 

760.4 
(1.687 eV) 

−0.0564 

MPW1PW91/6-31G(d) 
286.4 

(4.330 eV) 
0.0537 

740.7 
(1.674 eV) 

−0.0130 

4 
max(exp) = 315 nmd 
(3.936 eV) (Open) 
max(exp) = 765 nmd 
(1.621 eV) (Closed) 

CAM-B3LYP/6-31G(d)c  
293.3 

(4.228 eV) 
0.2912 

777.8 
(1.594 eV) 

−0.0267 

MPW1PW91/6-31G(d) 
303.9 

(4.080 eV) 
0.1438 

754.5 
(1.643 eV) 

0.0226 

a∆max = max(calcd) − max(exp). bmax(exp) reported at ref 25. cGeometry optimization and harmonic frequency calculation 

were performed at the B3LYP/6-31G(d) level (ref 26). dmax(exp) reported at ref 26 
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Molecular Design 

Next, we moved on to the molecular design for the improvement of the photosensitivity in 

the UV-A region of DAB without changing the thermal back-reaction rate. To increase the 

photosensitivity in the UV-A region, extending the π-conjugation length is one of the 

representative strategies.44 For example, in the case of DAE, replacing the lateral phenyl ring with 

a methylthiophene ring leads to a red-shift of the absorption spectrum because of a more effective 

conjugation, which is ascribed to both lower inter-ring torsional angles and less aromaticity of 

thienyl with respect to phenyl.45 Moreover, a larger red-shift of the absorption spectrum can be 

induced by increasing the number of thiophene rings.40 To know if the strategy is effective in the 

case of DABs, the absorption spectra for 5a and 6a were predicted by TD-DFT calculation. Figure 

2 shows the predicted absorption spectra of 5a and 6a by TD-DFT calculation (MPW1PW91/6-

31G(d)//M06-2X/6-31G(d) level of the theory). For comparison, the absorption spectrum of 1a 

was also calculated. The results are summarized in Table S1. The max(calcd) for 5a and 6a were 

estimated at 302.6 and 348.6 nm, respectively, suggesting that the absorption spectra of 5a and 6a 

are red-shifted with respect to that of 1a (max(calcd) = 282.6 nm). In addition, the maximum 

oscillator strength (f) values of 5a and 6a were calculated to be 0.697 and 1.273, respectively, 

while that of 1a was 0.649. This result suggests that the absorption coefficient of 5a would be 

similar to that of 1a, but that of 6a would be much larger. This is due to the extension of π-

conjugation by introducing phenyl group instead of methyl group. As can be seen in Figure 3b, the 

π-orbitals for HOMO→LUMO and HOMO−1→LUMO+1, which are contributions of the 

transition at max(calcd) for 6a, greatly overlap. Summing up these results of calculations, the 

photosensitivity in the UV-A region for 5a and 6a would be increased compared with that for 1a. 

However, here, one should notice that the reactivity of DAB is also related to the phase of the 



 14 

reactive carbons at the orbitals contributing to the electronic transition.46 Although the TD-DFT 

calculations do not directly provide information about the potential energy surface of photoexcited 

states, the results would be useful to know the possibility of the photoreaction. Based on the 

Woodward-Hoffmann rules, the photochromic reaction of DAB proceeds photochemically 

through a conrotatory mechanism. If the phase of the reactive carbons at the orbitals contributing 

to the electronic transition is the anti-phase, DAB cannot undergo the photocyclization even when 

there is the absorption band in the UV-A region. To investigate the phase of the reactive carbons 

at the orbitals contributing to the electronic transition, we checked the contributions of the 

configurations for the electronic transition at max(calcd). The outputs of the TD-DFT calculations 

for 5a and 6a were shown in Table S2. In the case of 5a, the transition at max(calcd) was assigned to 

the contributions of HOMO→LUMO+2, HOMO−1→LUMO+1, and HOMO→LUMO 

configurations. The molecular orbitals related to the transitions were shown in Figure 3a. The 

LUMO orbital only has the same phase at the reactive carbons and allows the photocyclization, 

while both LUMO+1 and LUMO+2 orbitals have the anti-phase at the two reactive carbons. In 

addition, the transition at max(calcd) for 6a mainly corresponded to HOMO→LUMO configuration. 

The LUMO orbitals have the same phase at the reactive carbons as shown in Figure 3b. As a result, 

it is assumed that 5a and 6a can undergo the photocyclization by the contribution of the 

HOMO→LUMO configuration.  
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Figure 2. Calculated absorption spectra of 1a (black), 5a (blue), and 6a (red) by TD-DFT 

(MPW1PW91/6-31G(d)//M06-2X/6-31G(d) level of the theory), modeled with a half width at 

half-maximum (HWHM) of 2000 cm−1. 

 

0

1

2

3

4

5

6

7

8

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

250 300 350 400 450 500 550

 
/1

0
4

O
s
c
ill

a
to

r 
S

tr
e

n
g
th

 (
f)

Wavelength/nm



 16 

 

Figure 3. Relevant molecular orbitals of (a) 5a and (b) 6a obtained at the M06-2X/6-31G(d) level. 

 

Next, we tried to predict the thermal reactivity of 5b and 6b. To estimate the thermal 

reactivity of 5b and 6b, the Ea(calcd) for 5 and 6 were calculated by DFT at the M06-2X/6-31G(d) 

level. The calculated values are summarized in Table 3. The values for 1 were also listed for 

comparison. The Ea(calcd) values for 5 and 6 were 69.10 and 66.38 kJ mol−1, respectively. The values 

are almost the same as that for 1 (66.64 kJ mol−1). These calculations imply that extending the π-
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conjugation length would increase the photosensitivity in the UV-A region, though the thermal 

reactivity would not be changed much. This is just the molecular design that we were looking for. 

 

Table 3. Ea(calcd) for the thermal back-reaction and energy gap (E) between the open- and closed-

ring isomers calculated by DFT (M06-2X/6-31G(d) level of the theory). 

 Energy (Open) 

/hartree 
Energy (Closed) 

/hartree 
Energy (TS) 

/hartree 
Ea(calcd) 

/kJ mol−1a 
E 

/kJ mol−1b 

1 −2272.513804 −2272.469528 −2272.444146 66.64 116.25 

5 −2992.637777 −2992.598719 −2992.572402 69.10 102.55 

6 −3375.86078 −3375.821669 −3375.796388 66.38 102.69 

aEa(calcd) = Energy (TS) – Energy (Closed). bΔE = Energy (Closed) – Energy (Open). 

 

Photochromic Reaction 

To confirm the validity of the molecular design strategy described above, 5a and 6a were 

synthesized. The synthetic procedures were described in Scheme 2 and Experimental Section. 

Figure 4 shows the absorption spectra of 5a and 6a in THF. For comparison, the absorption 

spectrum of 1a was also shown. The optical and thermal properties of 1, 5, and 6 are summarized 

in Table 4. As can be seen, the absorption spectra of 5a and 6a were red-shifted in comparison 

with that of 1a. The max(exp) of 5a and 6a were 312 and 345 nm, respectively. The max(exp) was 

red-shifted by 25 nm for 5a and 58 nm for 6a compared with that for 1a. In addition, the absorption 

coefficients at max(exp) (max) for 5a and 6a were determined to be 28900, and 47000 M−1 cm−1, 

respectively. The max of 6a is much higher than that of 1a (max = 30600 M−1 cm−1). These results 

are consistent with the prediction by DFT calculations mentioned above.  
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Figure 4. Absorption spectra of 1a (black), 5a (blue) and 6a (red) in THF. 

 

Table 4. Optical properties and Arrhenius parameters for the thermal back-reaction of DABs in 

THF. 

 

Open  Closed 
Ea(exp) 

/kJ mol−1 
A/s−1 

k/s−1  

at 298 K 

t1/2/ms  

at 298 K 
max(exp)/nm  max /M
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Upon irradiation with 313 nm light, 5a and 6a isomerized to 5b and 6b, which were 

detected by the absorption spectra in visible region as shown in Figure S1. The colorless solutions 

of 5a and 6a turned green only while the solutions are irradiated with UV light. This is due to the 

fast thermal back-reaction. The max(exp) of 5b and 6b were 755 and 790 nm, respectively, which 

are red-shifted by 30 nm for 5b and 65 nm for 6b compared with that of 1b (Figure S2). This is 

also consistent with the UV-vis spectra predicted by TD-DFT calculation for 5b and 6b 

(MPW1PW91/6-31G(d)//M06-2X/6-31G(d) level of the theory) (Figure S3 and Table S3). The 

red-shift in the absorption spectra of 5b and 6b was due to a decrease in highest occupied molecular 

orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) gap by extending π-conjugation. 

The HOMO–LUMO gap for 1b was −0.1283 eV, though those for 5b and 6b were −0.1229 and 

−0.1191 eV, respectively (Table S4). 

To know if the photochromic reaction can be induced by UV-A light (365 nm), the 

absorption spectral changes for 5a and 6a upon irradiation with 365 nm light were also observed. 

Figure 5 shows the absorption spectra of 5a and 6a irradiated by 365 nm light. The absorption 

bands assigned to the photogenerated isomers 5b and 6b were confirmed in the visible region even 

when 365 nm light was used for the incident light. This result indicates that the photosensitivity in 

the UV-A region was successfully improved by extending π-conjugation. 
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Figure 5. Absorption spectra of (a) 5b ([5a] = 8.7 × 10−4 M) and (b) 6b ([6a] = 4.2 × 10−5 M) in 

THF upon irradiation with 365 nm light (100 mW cm−2) at 298 K and absorbance change of (c) 

5b and (d) 6b in THF relative to time upon irradiation with 365 nm light (100 mW cm−2) for 0.6 s 

(5b) and 0.3 s (6b), and thermal bleaching at 298 K. The data points of each absorbance were 

averaged over the data from 740 to 770 nm (5b) and from 775 to 805 nm (6b) and were recorded 

at 60 ms intervals for 5b and 6b.  
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changing the thermal reactivity. To get insights into the thermal reactivity of 5b and 6b, the change 

in the absorption of 5b and 6b as a function of time at various temperatures was recorded. Figure 

6a and b show absorption decay curves at max(exp) for 5b and 6b. The thermal back-reaction 

proceeded to follow first-order kinetics. The rate constants (k) at various temperatures were 

determined from the slope of the first-order plots (Tables S5 and S6). The temperature 

dependences of k for 5b and 6b were shown in Figure 6c and d. The Ea(exp) values and the frequency 

factor (A) of the thermal back-reaction were calculated from the slope and intercept of the linear 

Arrhenius plots. For comparison, the absorption decay curves at max(exp) for 1b were also examined 

(Figure S4 and Table S7). The results are summarized in Table 4 with the data of 1b. The Ea(exp) 

values of 5b and 6b were 67 and 63 kJ mol−1, respectively, which are very similar to that of 1b (62 

kJ mol−1). The Ea(exp) values are consistent with the Ea(calcd) values predicted by DFT calculation. 

The A values for 5b and 6b were estimated to be 1.6 and 0.77 × 1012 s−1, respectively. The t1/2 of 

5b and 6b at 298 K were calculated to be 280 and 90 ms, respectively, which are comparable to 

that of 1b (84 ms). Moreover, the Eyring plot was also performed to estimate the H‡, S‡, and 

G‡ values as shown in Figures S5–S7 and the results are summarized in Table S8. The H‡, S‡, 

and G‡ values for 1, 5, and 6 hardly changed and are comparable to that for a HABI derivative.14 

Thus, DABs 5 and 6 synthesized in this work exhibited not only the improved photosensitivity but 

also the desired thermal back-reaction rate as predicted by the DFT calculations. These results 

would provide the methodology to design the DABs having desired optical and thermal properties.  
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Figure 6. Absorption decay curves at max(exp) for (a) 5b and (b) 6b in THF at various temperatures 

and temperature dependence of the rate constant (k) for thermal back-reaction of (c) 5b and (d) 6b. 

 

Conclusions 

In this work, we have selected the best functional in DFT calculation to accurately predict the 

optical and thermal properties of DABs. Regarding the estimation of the activation energy of the 

thermal back-reaction of DABs by DFT calculation, the M06-2X level of theory in combination 

with a 6-31G(d) basis set was the best functional that well reproduces the experimental results. 

Furthermore, as for the prediction of the absorption spectra of DABs by TD-DFT calculation, the 

MPW1PW91 level of theory in combination with a 6-31G(d) basis set using the optimized 
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molecular structures at the M06-2X/6-31G(d) level was the best choice. Based on the calculation 

using the best functionals, DABs 5a and 6a having aryl groups with longer π-conjugation were 

designed and synthesized. The absorption spectra of 5a and 6a were red-shifted in comparison 

with that of 1a. They showed a fast T-type photochromic reaction with the t1/2 of 280 and 90 ms 

at 298 K even upon irradiation with UV-A (365 nm) light, while the t1/2 were similar to that of 1a 

(t1/2 = 84 ms). Thus, the improvement of the photosensitivity in the UV-A region without changing 

the thermal back-reaction rate could be accomplished. The results in this work provide useful 

information for the molecular design strategy of DABs having desired optical and thermal 

properties. 
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The best functional to predict the optical and thermal properties of DABs in DFT calculation was 
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